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Abstract—The present work was stimulated by the assumption 
that, for a gas-filled spark gap closing switch operating at a high 
repetition frequency, there is an optimal frequency range in which 
the time-delay jitter is reaching a minimum value. The experi-
ments to test this assumption use an electrically triggered, field-
distortion spark gap filled with SF6/N2 gas mixture. The results 
show that indeed, the time-delay jitter decreases for a range of fre-
quencies for which the filling gas can substantially restore the in-
ter-electrode insulation, before increasing at a higher operation 
frequency. The experimental results demonstrate the correctness 
of the above presented assumption: the time-delay jitter of the 
field-distortion spark gap has its minimum when the unit operates 
in the repetition frequency range between 20 Hz and 30 Hz. Since 
the recovery time depends on gas species and gap distance, the op-
timum operation frequency range should also vary depending on 
the spark gap distance and the filling gas properties. 
 
Index Terms—optimal repetition frequency, low time-de-
lay jitter, field distortion, spark gap switch 
 
I. INTRODUCTION 
ue to their excellent features such as high-voltage, high-
current, low inductance, and high di/dt rate, spark gap 
switches are widely used in various practical applications such 
as particle accelerators, weapon effect simulation, controlled 
thermonuclear fusion, high-power lasers, and high-power mi-
crowaves [1]. Recent developments in the design of repetitive 
pulsed power sources require spark gap switches capable of 
driving high-current with a low time-delay jitter (< 5 ns) and 
operated at a high repetition rate (~100 Hz) for a very large 
number of shots [2-6]. The low time-delay jitter characteristics 
at a high value of repetition frequency is a critical parameter, in  
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particular when a large number of switches are required to func-
tion synchronously as part of parallel-operated pulsed power 
sources. The main issues related to high repetition-rate opera-
tion of spark gaps are mainly related to electrode heat and mass 
transfer, gas deionization and recombination and other elec-
trode material phenomena. Investigations into the repetitive op-
eration of spark gaps have led to some degree of understanding 
of the nature of gas recovery processes [7-8]. The time-delay 
jitter of the switch, defined as the time-delay standard deviation, 
is a fundamental characteristic in the development and evalua-
tion of spark gaps for major practical applications [9-12]. The 
main factors affecting the time-delay jitter of a triggered spark 
gap are the statistical time delay for generating free electrons, 
the electric field applied across the electrodes and the trigger 
pulse rise time [13]. 
On the one hand, the gas insulation recovery time is of the 
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Fig. 1. Schematic diagram of the ‘optimizable time period’ between two con-
secutive discharges. Point A is the time at which the insulation properties of 
the gas are substantially restored and when the switch works stably if a fol-
lowing pulse discharge is trigger initiated. At point B, the gap is filled with 
‘seed’ electrons, which will cause an electron avalanche. 
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order of a few tens of milliseconds during which, due to the 
existence of residual electrons, the gas is more easily ionized. 
On the other hand, the presence of these residual electrons (also 
possibly termed ‘initial’ or ‘seed’ electrons) in the spark gap 
gas helps reducing the breakdown time-delay, thereby reducing 
the time-delay jitter. Based on the above two aspects, it is natu-
ral to assume there is an optimal repetition frequency range for 
which the time-delay jitter of the switch reaches a minimum 
value and Fig. 1 shows a schematic diagram presenting this as-
sumed ‘optimizable time period’ between two consecutive dis-
charges. Since the recovery time depends on gas species and 
gap distance [14-18], the optimum operation frequency range 
should also vary depending on the spark gap distances and the 
filling gas properties. In [19], experimental results presented 
that there is a lowest jitter for an 81% H2 and 19% N2 gas mix-
ture and the pure H2 gas when operate at a repetition rate, but 
they did not give a specific reason. 
In this paper, the time-delay jitter characteristics of an elec-
trically triggered three-electrode field distortion spark gap is ex-
perimentally analyzed in repetitive mode operation to find the 
optimal operation frequency with the lowest jitter. The results 
of the study are believed to lay the foundations for the develop-
ment of a powerful, low-jitter repetitive pulsed power source. 
II. EXPERIMENTAL ARRANGEMENT 
Fig. 2 provides a schematic overview of the experimental ar-
rangement used in the present studies. A compact three-elec-
trode field-distortion spark gap switch was used, which has a 
small size (OD × height) of only 150 mm × 42 mm, a light 
weight of about 1.5 kg, and can withstand a high voltage in ex-
cess of 110 kV. The technical details for this switch have been 
provided elsewhere [20]. Due to the presence of the disk-like 
trigger electrode, the 8 mm space between the two electrodes of 
the switch is divided into two equal parts: ‘gap 1’ and ‘gap 2’ 
(see the central part of the switch in Fig. 2). 
The arrangement uses a test stand similar to that of a single 
Linear Transformer Driver (LTD) brick [21] i.e., two 
100 kV/35 nF capacitors form an energy storage component us-
ing a single closing switch. The total loop circuit self-induct-
ance is only 220 nH and when the switch operates at ± 35 kV a 
peak current of 8.5 kA is generated. 
A dual polarity (i.e., positive and negative) power supply, 
with a maximum output voltage of ±60 kV is used to charge the 
capacitors for a maximum repetition frequency operation of 
200 Hz. Three different trigger pulses with voltage/time change 
rates of 0.03 kV/ns, 0.25 kV/ns and 1.0 kV/ns are used to study 
the effect of the rise time of the trigger pulse on the time-delay 
jitter. Two high-voltage probes type EP-150k NEP with up-
graded bandwidth 75 MHz are used to measure the trigger pulse 
voltage and the transient voltage applied on the load and a dig-
ital oscilloscope type Lecroy HDO 6054 with bandwidth 500 
MHz is used to record the data. 
Following [22] a 30% SF6 to 70% N2 gas mixture is used to 
fill the switch, as it has better stabilization characteristics than 
pure SF6 or N2 and can be triggered more easily over a wider 
pressure range. 
Fig. 3 shows the typical waveforms for the trigger pulse voltage 
and for the voltage pulse applied to the load, with the breakdown 
time delay measured from the time the trigger pulse is applied to 
the moment the switch is fully closed. When the trigger pulse is 
applied, gap 1 closes quickly and the voltage on the trigger elec-
trode becomes the sum of the positive electrode voltage and the 
trigger voltage, causing the self-breakdown closure of gap 2. The 
time-delay jitter of the switch during repetitive operation is ob-
tained by measuring all the values of 𝑡𝑡𝑟𝑟 and calculating the corre-
sponding standard deviation. 
III. RESULTS AND ANALYSIS 
Fig. 4 presents the variation of the system time-delay jitter 
when the arrangement is operated at various repetition frequen-
cies, with the spark gap switch filled with a SF6-N2 gas mixture 
at a pressure of 0.25 MPa and the switch is triggered with a 
voltage impulse having a time rate-of-change of 0.25 kV/ns. 
The data obtained proves that when the switch operates at a rep-
etition rate less than 50 Hz, the time-delay jitter is very stable 
and reduces to less than 2.0 ns for a working coefficient larger 
than 0.77, where the working coefficient is the ratio of the ap-
plied voltage across the switch to the self-breakdown voltage. 
However, when the repetition frequency is higher than 100 Hz, 
the time-delay jitter increases rapidly and the switch operation 
becomes unstable, the dispersion of the time-delay jitter 
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Fig. 2. Schematic of the experimental arrangement used in the present studies. 
 
Fig. 3. Waveforms of the trigger pulse voltage (lower trace) and of the out-
put pulse i.e., the voltage applied to the load (upper trace). 𝑡𝑡𝑟𝑟1 and 𝑡𝑡𝑟𝑟2 are the 
time delays for gap 1 and gap 2, respectively; 𝑡𝑡𝑟𝑟 represents the overall time-
delay of the spark gap switch. Time A: trigger pulse applied; time B: the im-
pedance of gap 1 starts to collapse; time C: the impedance of gap 2 starts to 
collapse; time D: the channel formed. 
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becomes larger as shown by the error bars in Fig. 4. The expla-
nation for this phenomenon is that a too high repetition rate fre-
quency produces an increased Joule (heat) effect and under such 
conditions the dynamics of the gas components in the switch 
cavity do not allow recovering its normal initial state, as re-
quired for a stable operation. In other words, the tests proved 
that it takes more than 10 ms for the gas to recover to its stable 
initial conditions. 
Fig. 5 shows an enlarged view for the time-delay jitter varia-
tion with repetition frequency up to only 50 Hz. It is obvious 
that as the repetition frequency starts to increase, there is an in-
itial decrease before the jitter starts to increase, with the mini-
mum values obtained in the range between 20 Hz and 30 Hz. 
Therefore, the experimental results seem to confirm the correct-
ness of the prediction provided in Fig. 1: there is indeed an op-
timal repetition frequency range, for which the time-delay jitter 
reaches a minimum value. This result can be explained since at 
higher repetition rates, the insulation properties of the gas are 
not fully recovered during the time interval between two con-
secutive pulses. For higher and higher repetition rates, the gas 
is more easily ionized and the presence of residual (seed) elec-
trons makes a discharge channel easier to be produced and re-
duces the statistical time delay of the next breakdown. As a 
consequence, the time-delay jitter is also slightly lowered. 
However, as the operation frequency is further increased, the 
recovery time of the gas is reduced, resulting in a decrease in 
the insulation ability, which causes an increase in the instability 
of the gas discharge, thereby causing an increase in the time-
delay jitter. It also can be seen that when the working coefficient 
exceeds 0.6, the time-delay jitter has better stability, and its dis-
persion is less than ±5%, as shown by the error bar in Fig. 5. 
In order to study the above phenomena in more detail and 
obtain the optimal conditions for minimizing the time-delay jit-
ter, the individual time-delay jitter of the two gaps was also 
studied. Fig. 6 presents the time-delay jitter for each gap sepa-
rately as a function of the voltage working coefficient at a rep-
etition rate of 30 Hz and for the three different trigger pulses 
mentioned above. It can be seen that when the voltage time rate-
of-change of the trigger pulse is 0.25 kV/ns, the time-delay jitter 
of gap 1 is basically stabilized at about 1.8 ns, a fact that seems 
to have no relationship with the working coefficient. In contrast, 
the jitter of gap 2 is depending on the working coefficient: when 
the coefficient increases up to about 0.75, the jitter decreases 
rapidly from 17 ns down to 0.5 ns and for even larger working 
coefficients it stabilizes at a sub-nanosecond value. This result 
shows that when the working coefficient is lower than 0.65, the 
jitter of the switch is clearly dominated by the gap 2 jitter, while 
for working coefficients higher than 0.75 the gap 1 jitter is dom-
inant as it accounts for more than 75% of the overall jitter of the 
switch. 
Fig. 6 also demonstrates that the higher the voltage time rate-of-
change dV/dt of the trigger pulse, the smaller the gap 1 jitter: for 
dV/dt having the values 0.03 kV/ns, 0.25 kV/ns, and 1.0 kV/ns, the 
jitter of gap 1 is correspondingly 15.6 ns, 1.7 ns, and 1.1 ns. 
The explanation is that gap 1 is affected mainly by the electric 
field distortion caused by the trigger pulse and a trigger pulse with 
a faster rise time will more easily promote the generation of initial 
electrons and so reduce the statistical time delay and therefore the 
jitter.  
In contrast, because gap 2 operates in a self-breaking mode, its 
time-delay jitter is affected mainly by the voltage working coeffi-
cient. The higher the applied voltage, the easier it is to generate the 
 
Fig. 6. Time-delay jitter of gap 1 and gap 2 as a function of the voltage working 
coefficient for a repetition rate of 30Hz and for the three different trigger pulses 
described in text. 
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Fig. 5. Variation of time-delay jitter with repetition frequency in the range of 
1-50 Hz. 
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Fig. 4. Variation of time-delay jitter with repetition frequency in the range of 
1-200 Hz 
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3 
initial electrons in the gap and the formation and development 
speed of the electron collapse are also faster, making the time delay 
much lower. 
When the operation frequency is increased, both the time-delay 
jitter of gap 1 and of gap 2 tend to decrease first and then increase, 
which is consistent with the data of Fig.4 for the total time-delay 
jitter of the switch. When the switch operates at a low voltage 
working coefficient, as the operation frequency increases, the time-
delay jitter of gap 2 dominates the total time-delay jitter of the 
switch. However, when the voltage time rate-of-change of the trig-
ger pulse is too small, the time-delay jitter of the gap 1 may consti-
tute the major proportion of the total time-delay jitter of the switch. 
IV. CONCLUSION 
In summary, using simple considerations for the gas break-
down phenomena, it was predicted that for an electrically trig-
gered field-distortion spark gap there should be an optimal op-
eration frequency range for which the time-delay jitter is low-
est. It was also stated that the optimum operation frequency 
range should vary depending on the filling gas properties and 
spark gap distances. The experimental results confirm the cor-
rectness of these predictions. In particular, the results demon-
strate that when the spark gap is filled with a gas mixture of 
30% SF6 and 70% N2, the optimum repetition frequency that 
minimizes the time-delay jitter is in the range between 20 Hz 
and 30 Hz. The time-delay jitter can be further reduced over this 
optimal operation frequency range by operating at a high volt-
age working coefficient and using the trigger pulse with the 
highest voltage time rate-of-change. 
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